Single cells in a population often respond differently to perturbations in the environment. Live-cell microscopy has enabled scientists to observe these differences at the single-cell level. Some advantages of live-cell imaging over population-based methods include better time resolution, higher sensitivity, automation, and richer datasets. One specific area where live-cell microscopy has made a significant impact is the field of NF-κB signaling dynamics, and recent efforts have focused on making live-cell imaging of these dynamics more high throughput. We highlight the major aspects of increasing throughput and describe a current system that can monitor, image and analyze the NF-κB activation of thousands of single cells in parallel.
Why bother with single cell imaging?
Live-cell imaging is relatively expensive to set up and maintain, so we begin by outlining several ways in which the data sets generated using live-cell microscopy can be much richer than those enabled by current population-based methods, several of which are shown schematically in Figure 1 . Traditionally, NF-κB activation is measured by an electrophoretic mobility shift assay (EMSA) that detects the interaction of activated nuclear NF-κB with a labeled DNA probe [19] . EMSAs are not optimal for measuring the dynamics of NF-κB activation. For example, NF-κB activation dynamics occur with a time resolution of minutes and can persist for hours. The time resolution that can be obtained using the EMSA is typically limited by the length of the experiment, the number of wells in the gel comb, and the efficiency of the scientist. In a four-hour experiment with a 20-well gel, the time resolution will be about fifteen minutes. The maximum reasonable time resolution (based on the scientist's efficiency) is probably on the order of five minutes and not sustainable for long time-courses. In contrast, live-cell imaging allows for the near-continuous measurement of NF-κB localization over longer time periods. An important detail is that while EMSAs measure only active nuclear NF-κB, fluorescence microscopy measures total nuclear NF-κB, active and inactive, and should be considered in building models from microscopy data. Although EMSA gels can quantified using a gel imager, live-cell microscopy has better dynamic range in detecting and quantifying NF-κB activation, as has now been well demonstrated. Finally, live-cell imaging requires far less sample than traditional EMSAs, Western blots or kinase assays.
Live-cell imaging is also generally automated, and it is possible to perform many detailed timecourse experiments at once. In contrast, a well-trained experimentalist might be able to perform three or four EMSAs at a time. This advantage is particularly important, because NF-κB responds to hundreds of different ligands, cytokines, and chemicals [20] -each of which can presumably lead to different activation dynamics. To understand NF-κB signaling in the context of complex cellular environments it will be necessary to measure NF-κB dynamics under a wide variety of stimulation conditions, including activators [20] and inhibitors [21] . Most studies use a constant, saturating concentration of TNF-α, which probably does not reflect the physiological condition. Instead, researchers have now begun to study the NF-κB response to different TNF-α concentrations [10] and time-varying TNF-α stimulation [9, 14, 22] . Recent interests also include the NF-κB activation dynamics under different ligands [13, 18, 23] , upon drug perturbations [24, 25] , and in response to live or dead bacteria [26] [27] [28] [29] . Furthermore, multiple outputs can be observed in the same cell through time, for example the dynamics of NF-κB localization and IκBα expression [12, 30] .
The most important argument for live-cell imaging, however, is that single-cell resolution adds a critical new dimension to the data. A typical EMSA measurement represents the collective NF-κB nuclear localization of around 10 6 cells. With the behavior of so many cells pooled together, important phenotypes exhibited by individual cells will likely be obscured. An example of the importance of single-cell resolution to the NF-κB dynamics is the response to varying concentrations of tumor necrosis factor-alpha (TNF-α). Earlier work at the population level showed that the overall localization of NF-κB to the nucleus was reduced as the TNF-α concentration was lowered [10] . Two models of the single-cell response to reduced TNF-α concentration can explain this observation equally well, as shown in Figure 2 . First, all cells could exhibit similar dynamics but with a lowered peak activation. Alternatively, individual cells may have an all-or-none response, where a smaller number of cells respond to the signal. We have recently found experimental evidence supporting a combination of these two models [15] .
Another example of cellular phenotypic heterogeneity concerns the NF-κB response to the bacterial cell wall product lipopolysaccharide (LPS). LPS causes a stable nuclear localization for ~3 hours when measured at the population level [11] . Single-cell measurements of NF-κB localization under LPS stimulation conditions verified this population response, but revealed complex behaviors within the population. Specifically, cells exhibit one of two qualitatively different behaviors: in some, NF-κB activation is only transient, while in others, NF-κB persists in the nucleus for hours [18] . This result suggests that major qualitative behaviors exhibited by a significant percentage (roughly 45% in this case) of cells can be completely missed by population-based assays.
Other technologies, such as immunocytochemistry [31] or flow cytometry [32] , can also achieve single-cell resolution. Many cells can be analyzed with flow cytometry and the throughput of immunocytochemistry has been recently improved with high-content cell screening strategies [22, 33] . In addition, they can detect functional modifications, the most important being phosphorylation. However, unlike live-cell imaging, they are unable to track the same cell through time and usually involve fixation of the cells. Therefore, live-cell imaging can reveal details about dynamic processes, but should also be combined with other functional assays.
Workflow, methods and challenges
Based on these advantages, we anticipate a rise in the use of live-cell imaging to study NF-κB dynamics and discuss some of the major steps and decision points involved here ( Figure  3 ). The general pipeline for live-cell imaging studies in NF-κB involves the selection of an appropriate cell line for study, fluorescence labeling to facilitate imaging, image analysis and data interpretation via modeling, as described below.
Cell line selection
The first step in the pipeline is to choose cells that will be suitable for imaging and appropriate for studying NF-κB dynamics. The cell types used for imaging NF-κB activation have been primary mouse embryonic fibroblasts (MEFs) [9] , as well as MEFs immortalized through the 3T3 protocol [18] , SK-N-AS neuroblastoma cells [12] or HeLa cells [12] . In general, the appropriateness of a cell line in any study must be carefully evaluated. For example, cell lines can display highly aberrant behavior after transformation, which may impact NF-κB expression or activity [34] . On the other hand, primary cells may be more difficult to label with a fluorescent reporter and to subpassage efficiently. Furthermore, in some cases it may be desirable to image a genetically identical population of cells, which requires the selection of a clonal line. Surprisingly, although NF-κB activation is typically associated with innate immune signaling, relatively few studies have used relevant immune cell types. In the future, we expect that more researchers will turn to classic immune cell types or cell lines that mimic the properties of immune cells, such as the macrophage like RAW 264.7 line [26] .
Fluorescent reporters
The next step is to visualize NF-κB activation, typically using a fluorescently labeled p65 subunit of NF-κB that is introduced through transfection or viral transduction. Typically, this process involves the overexpression of the fusion protein to increase brightness and improve image quality. However, variation in the expression level of NF-κB can affect the dynamics of activation [35] . It is therefore often necessary to achieve approximately endogenous levels of p65 expression. Expression with transfected plasmids can achieve endogenous expression through screening of clonal cells lines by transfection [9] , or by tuning expression using inducible promoters or degradation tags [36] . Viral-based transduction can be used for a more careful control of gene copy number and may be combined with an endogenous promoter to mimic normal expression control [18] . It is preferable to introduce these constructs into a background that does not contain wild-type NF-κB since the unlabeled protein is not detected in imaging and the gene dosage will be inherently higher.
A new development is the generation of an EGFP-NF-κB knock-in mouse [37] that circumvents many of these concerns and allows for experimentation on genetically identical primary cells. The knock-in mouse is viable, but the functional properties of the fusion protein are slightly different, evidenced by lowered NF-κB dependent induction of IκBα, which is similar to virally transduced EGFP-NF-κB [18] .
Expression of a fluorescent protein at the level of endogenous p65 is significantly lower than expression from a strong constitutive promoter (Covert lab, unpublished data). Typically, enough emission light from fluorescently labeled NF-κB can be collected to image every tenth of a second on a wide-field microscope. Exposure to fluorescence excitation light can lead to photobleaching and phototoxicity that can affect image quality and cell health. Imaging cells every few minutes avoids these concerns while still capturing all relevant NF-κB dynamics, although imaging frequency can be increased by lowering light source intensity and improving detection sensitivity with more efficient cameras and filters. In addition, media formulations with low background fluorescence can play a large role in improving image quality [38] .
Single-cell transcriptional activity in living cells can be measured by driving the expression of a reporter with a promoter of interest. Common reporters include fluorescent proteins or bioluminescence from luciferase-based systems [12] . Fluorescent proteins require a maturation time before becoming active which lead to a delay before signal can be recorded, and it is best to choose fast maturing and destabilized variants. Bioluminescence has the advantage of very low background signal, but requires the addition of the substrate luciferin and long exposure times, although this is generally less of an issue with new brighter reporters [39] .
Image analysis
Image analysis is likely the major bottleneck in high-throughput imaging studies, even with substantial efforts in software-based analysis tools [40] . Labeled cells are imaged using a standard fluorescence microscope under temperature and carbon dioxide control to maintain cell viability. The intensity of labeled p65 in the nucleus of cells over time is measured from the images to generate dynamic profiles of NF-κB activation. Image segmentation is required to determine the relative fluorescence intensity (correlating to the presence of p65) in the cellular nucleus and/or cytoplasm. At times when the intensity of fluorescence in the nucleus and cytoplasm are roughly equal, it is virtually impossible, by computer or by eye, to define the nucleus. Because of the need to define these nuclear regions, it is highly recommended that a nuclear marker also be introduced into the cells. Fluorescent proteins designed to localize to the nucleus, such as those linked to the nuclear protein H2B, are preferred for longer timelapse experiments. With the nucleus clearly marked in a separate fluorescent channel, image segmentation is more efficient and the location of the nucleus can be used as an excellent prior for further cellular segmentation. In addition, it is often useful to normalize for differences in p65 expression, which occurs even in genetically identical cells. This requires segmentation of the cytoplasm, at least at one and possibly all time points.
Data interpretation via modeling
As stated above, computational modeling of NF-κB activation is well established and useful in interpreting dynamic data. The original modelwas fit to population data (EMSA and Western blot) [16] , and modeling single cells presents a new challenge. First, it has now been shown that several of these parameter estimations made at the population level are significantly different from estimations made based on single-cell data [18] . The majority of the parameters fit to single-cell data involve the processes of translation and transcription or initial protein concentrations which are noisy in single cells. Second, modeling approaches are required which can capture single-cell variability as well as population-level responses. In such models, stochasticity may be encoded either at the cellular [18] or molecular [15, 41, 42] level. Additionally, none of the models capture all experimentally measured aspects of NF-κB activation. Large imaging datasets reveal distributions of many single-cell behaviors, and it is especially difficult to reproduce all observed behaviors in a single model. It will therefore become increasingly important to understand which dynamic behaviors are relevant biologically, as has been done with models of circadian rhythm [43] , and fit models accordingly.
Towards high-throughput imaging
Taking these issues into account, we recently developed a platform that can culture, image and determine the NF-κB activation of thousands of single cells -all in a matter of days. To accomplish this, we used microfluidic cell culture [44] of a clonal 3T3 cell line expressing a p65-DsRed fluorescent fusion protein [12] and an H2B-GFP nuclear marker [45] , created in a p65 knockout background [46] . The result was a near-endogenous level of p65 expression [18] . The images were obtained using an incubated and motorized epifluorescence microscope and were automatically processed to extract NF-κB localization dynamics (normalized by total cellular NF-κB at the first time point). We used this platform to study the effect of TNF-α concentration on NF-κB activation, and found that single cells respond heterogeneously to changing concentrations, both in terms of an all-or-none response (as depicted in Figure 2 ) as well as more graded responses [15] . A reduced percentage of cells respond to lowered stimulus concentrations, as has been observed in other mammalian systems, such as T-cell activation [47] . Live-cell microscopy makes it possible to follow NF-κB dynamics after the decision to activate and quantify graded concentration dependent behaviors such as oscillation timing. To model the variation in the response, we extended a stochastic model of NF-κB activation [42] that reproduces most of the observed behaviors.
Conclusion
In summary, single-cell microscopy has necessitated the reinterpretation of results from population-level studies due to the variation of single cells. Although variation in single-cell NF-κB dynamics is now a growing area of study, it remains to be determined if such variation is biologically relevant. In any situation where heterogeneity arises between cells, one also needs to consider whether or not the differences will lead to a phenotypic outcome [48] , as has been shown in apoptosis [49, 50] . In addition, further work is needed to link single-cell transcriptional activity with single-cell transcription factor dynamics, likely through transcriptional reporters as described above. Such information would place NF-κB dynamics in the context of larger transcriptional regulatory networks [51] .
With these techniques for high-throughput imaging, it is now possible to examine NF-κB signaling for hundreds of conditions that would have been infeasible with traditional assays. For example, whereas most NF-κB studies have focused on TNF-α stimulation, NF-κB activates in response to hundreds of different ligands, cytokines, and chemicals. The effects of these stimuli can now be examined in single-cell, high time resolution detail in about the same time as performing an EMSA. Additionally, given that many pathways converge on NF-κB, another important area of study is how multiple stimuli are integrated into a single NF-κB dynamic profile [52, 53] . Study of these combinatorial effects would be extremely difficult by traditional methods. Finally, as evidenced by several large imaging based siRNA screens [54] and dynamic proteomic studies [50, 55] , live-cell microscopy assays can be used for highthroughput screening, significantly increasing the discovery process. Some advantages are biological, such as the ability to detect variation in cell behavior, from larger-scale phenotypic heterogeneity to rare events involving as little as a single cell, and deriving biological parameters based on single-cell measurements. Others are technical, including the ability to perform long experiments at fine time resolution, making several measurements simultaneously and having precise, dynamic environmental control. The NF-κB response of single cells to a high concentration of TNF-α, in terms of single-cell (top) and population (bottom) level behavior, is shown schematically in (A). At lower concentrations, the response is less pronounced, which can be explained by either of two models. (B) The first model is that all of the cells behave roughly identically and with a lower intensity response. (C) The second model is that some of the cells respond to the stimulus with a normal response (blue), while others do not respond at all (green). These two models are indistinguishable at the population level. The steps involved in a live-cell microscopy study of NF-κB are outlined and corresponding difficulties and issues are listed below. Each box is described in more detail in the main text.
